The interaction between many proteins and hydrophobic functionalized surfaces is known to induce βsheet and amyloid fibril formation. In particular, insulin has served as a model peptide to understand such fibrillation, but the early stages of insulin misfolding and the influence of the surface have not been followed in detail under the acidic conditions relevant to the synthesis and purification of insulin.
■ INTRODUCTION
The formation of insoluble amyloid fibrils is responsible for the deterioration of valuable therapeutic proteins during production, storage, and injection and also lies at the origin of several degenerative diseases such as Alzheimer's and type II diabetes. 1, 2 In these areas, insulin has played a pivotal role as model system in understanding fibril formation and inhibition. 3−5 Insulin is a small, globular protein of 51 amino acids arranged in two chains, with a mainly α-helical structure stabilized by three disulfide bonds (Figure 1 ). In solution, monomers can form dimers to shield a hydrophobic domain on the monomer surface from the solvent. At high concentrations and particularly in the presence of zinc ions, dimers can further self-assemble to hexamers, which protect insulin from fibrillation in vivo. The insulin monomer is the physiologically active species and is also the key species in forming amyloids in vitro. In solution at low pH, partially unfolded monomers have been identified as being on the pathway to fibril growth, and their structure has been unravelled. 6, 7 The acceleration of amyloid formation by interfaces is similarly attributed to the stabilization of partially unfolded adsorbed insulin monomers, which go on to form different fibril morphologies from the bulk. 8−10 Most detailed structural studies have been carried out at physiological pH, from which the following picture of insulin adsorption emerges. Insulin monomers often form a close-packed monolayer at hydrophobic interfaces, where they lose α-helical structure and gain random-coil or β-sheet structure. 10−14 Conformational changes in adsorbed insulin appear to allow further binding from solution, such that preadsorbed peptides with a β-sheet structure were found to accelerate surface-induced insulin fibrillation. 15, 16 Here we concentrate on acidic environments encountered during the synthesis and purification of insulin. Under these conditions, insulin predominantly exists as monomers in solution, which allows us to focus our attention on the monomer's interaction with surfaces. Prior work at low pH has investigated only the kinetics of fibril formation at hydrophobic interfaces 8, 9 or developed soft surface coatings such as polyelectrolyte multilayers, where the protein penetrates the multilayer deeply and remains stable at low pH and elevated temperature. 20 There are no comparable studies of adsorption on the hard surfaces typically encountered during insulin production or storage. The little attention bestowed upon such surface characterization in insulin aggregation studies at low pH and the scarcity of structural information for submonolayer to low multilayer insulin coverage leaves open questions: what is the structure of adsorbed insulin monomers at low pH, and what is the nature of intermediates on the path to fibril formation?
In this study, we use well-characterized hydrophobic and charged hydrophilic silane self-assembled monolayers (SAMs) formed on silicon surfaces and employ a combination of electronic and vibrational spectroscopies to elucidate the nature of the surface−insulin interaction. We compare the adsorption of insulin on a hydrophobic surface to adsorption on a charged hydrophilic surface, which is known to keep porcine insulin physiologically active. 21 To understand insulin adsorption, we quantify the adsorbed amount by X-ray photoelectron spectroscopy (XPS), quartz-crystal microbalance with dissipation (QCM-D), and Fourier transform infrared with attenuated total reflection (FTIR-ATR), we analyze the silane SAM and insulin side-chain orientation by sum frequency spectroscopy (SFS), and finally we use FTIR-ATR to investigate the secondary structure of monolayer insulin at room temperature and later unfolding and multilayer growth at elevated temperature.
Surprisingly, we find that the native structure of insulin monomers is maintained upon adsorption at room temperature and that only incubation at high temperature creates adsorbed insulin with a significant β-sheet content.
■ EXPERIMENTAL SECTION
Sample Preparation. Si wafers for SFS and the Si ATR crystal were cleaned using piranha solution (70% H 2 SO 4 , 30% H 2 O 2 solution (35% in water)) for 10 min at room temperature in a sonication bath. QCM crystals were cleaned using UV ozone and only briefly dipped into cold piranha solution (3 min at room temperature). After cleaning, all samples were thoroughly rinsed with copious amounts of ultrapure water (18.2 MΩ) and dried under a flow of argon. All glassware was cleaned in piranha solution at 70°C for 1 h, rinsed several times with ultrapure water and ethanol, dried under a stream of dry air, and finally rinsed with toluene. Trimethoxypropylsilane (TMPS, CH 3 (CH 2 ) 2 Si(OCH 3 ) 3 ) and 3-aminopropyltrimethoxysilane (APTMS, H 2 N(CH 2 ) 3 Si(OCH 3 ) 3 ) solutions were prepared in toluene at concentrations of 5 mM and 0.5 mM, respectively. By using anhydrous solvents and low concentrations, we avoided the wellknown polymerization reaction and multilayer formation of APTMS. 22 Silicon wafers were left in silane solution for 24 h at room temperature, sonicated in toluene to remove potential multilayers, and rinsed with copious amounts of ultrapure water. Finally, substrates were dried under a flow of argon. Human insulin with 0.3% Zn by weight was kindly provided by Sanofi-Aventis Deutschland GmbH and used at a concentration of 0.44 mg/mL (75 μM). We prepared citrate− phosphate buffers at an ionic strength of 0.05 M at pH 2.7 for QCM-D and SFS analyses and deuterated buffer at pD 2.7 (measured pH* 2.3) for FTIR. Citrate has the benefit of binding zinc ions and thus countering the oligomerizing effect of zinc on insulin. 23 Functionalized silicon wafers used in the SFS experiments were left in contact with insulin solutions at pH 2.7 for 1 h, rinsed with ultrapure water afterward, and dried under a flow of argon.
Spectroscopy. To monitor the amount of adsorbed protein under flow, we used QCM-D on a Q-sense E4 (Biolin Scientific) with siliconcoated quartz sensors. XPS spectra of the sensors were recorded on a PSP Vacuum Technology analyzer at 0.5 eV resolution for survey spectra and 0.025 eV resolution for the analysis of binding-energy shifts. The 2p 1/2 level of argon embedded in the silicon crystal was used as an internal energy standard with an energy of 241.2 eV. 24 FTIR measurements were performed using a Bruker IFS 66v/S spectrometer. Each spectrum was averaged over 500 scans at 1 cm −1 resolution. We used an ATR setup from Pike Technologies fitted with a silicon crystal (80 × 10 × 4 mm 3 , 45°, 10 reflections). FTIR-ATR spectra of insulin recorded in D 2 O show a broad peak around 1647 cm −1 and no amide II band around 1550 cm −1 , indicating complete H/ D exchange. 25 Sum frequency spectroscopy (SFS) is a second-order nonlinear optical technique which intrinsically provides surface sensitivity and high spectral resolution and represents a coherent combination of infrared absorption and a Raman anti-Stokes transition. SFS was recorded on Si(100) wafers with a 1 kHz amplified Ti/sapphire laser system from Coherent Inc. The laser output was used both to generate a 7 cm −1 narrow-band 800 nm beam with an etalon and to pump a commercial OPA (OPerA Solo from Coherent Inc.) for tunable broadband IR light generation. Spectra in the ppp polarization combination were collected by a spectrograph equipped with an iCCD camera from Andor with an 800 fs timedelayed etalon pulse to suppress the nonresonant response of the silicon substrate. The intensity in SFG spectra can then be described as I ≈ |χ res | 2 , where χ res = ∑ i ((A i )/(ω i − ω + iΓ i )) with A i , ω i , Γ i being the amplitude, frequency, and width of the Ith resonance and ω being the frequency of the IR pulse. In the analysis of the methyl group orientation we used the Lorentzian peak height (A/Γ) 2 . 26 Further details can be found in the Supporting Information.
■ RESULTS
The advantage of studying insulin adsorption at acidic pH is that insulin exists predominantly as monomers and the monomer has been shown to be the only species that adsorbs to surfaces and subsequently denatures to form amyloid fibrils. 10, 11 Insulin self-associates in solution to form dimers and hexamers, with the monomer favored at low concentration, in the absence of zinc ions, and at low pH. 10, 27, 28 The monomer has a tendency to segregate to hydrophobic interfaces, as we recently demonstrated for the air/water interface by SFS. 29 At our relatively low concentration of insulin (<0.5 mg/mL) and neutral pH, human insulin with zinc consists of 90% monomers and 10% dimers. 10 With decreasing pH, this ratio will shift even further toward the monomer. 30 At our chosen pH 2.7, insulin carries a positive charge of z = 4.5. 31 The Debye length of our citrate-phosphate buffer is relatively long at 1.4 nm such that repulsive interactions between insulin molecules will disfavor rapid multilayer growth and allow us to look at conformational changes in the insulin monolayer.
Quantification of Insulin Adsorption. We employ three experimental methods (QCM-D, XPS, and FTIR-ATR) to investigate the adsorption of insulin quantitatively. QCM-D measures the mass of adsorbed insulin plus its hydration layer as a frequency shift of the shear vibration of a Si-coated quartz crystal. Since the viscosity and density of the liquid flowing across the quartz crystal also influence the frequency, we used a flow sequence of ultrapure water, buffer, insulin in buffer, buffer, ultrapure water to determine the pure adsorptioninduced frequency shift. After switching from buffer to buffer + insulin, the frequency stabilized within 5 min, and no further changes were seen in the following 20 min of flowing insulin solution ( Figure S4 in the Supporting Information). Insulin adsorption renders the previously hydrophobic TMPS-terminated surface hydrophilic, and quartz crystals removed at the end of the experiment possess a very low water contact angle. XPS recorded on the same crystals after QCM-D experiments determines the dried protein mass from the atomic fraction of nitrogen in the adsorbed protein in relation to the atomic fraction of nitrogen on the surface. In comparison, FTIR-ATR determines the concentration of insulin in the near surface layer of a polycrystalline silicon crystal in contact with an insulin solution from the absorbance in the amide I region. The results obtained with all three methods are summarized in Table 1 , and further details can be found in the Supporting Information (SI). It can be seen that the hydrophobic TMPS surface has a coverage that is close to the theoretical insulin monolayer coverage of 1.1 mg/m 2 , based on a rectangular close-packed layer. 23 The XPS value is about 36% lower than the QCM-D value, as expected from the loss of the hydration layer. 32 The hydrophilic APTMS-functionalized surface shows a much reduced insulin coverage, only just outside the detection limit of QCM-D. This is probably caused by the mutual repulsion between positively charged insulin and the positively charged surface at this pH. As Table 1 shows, the FTIR-derived coverages recorded in the presence of insulin solution are higher than the coverages determined by QCM-D or XPS. The difference is due to the formation of a physisorbed insulin layer, which is removed from the QCM-D crystal by rinsing with buffer and water. The effect is particularly pronounced on the positively charged hydrophilic surface, which prevents the formation of a strongly adsorbed layer of the equally positively charged insulin.
All three methods confirm that only a monolayer of insulin adsorbs at room temperature and pH 2.7 after incubation for half an hour. This compares well with literature values for adsorption at physiological pH 7.4 at hydrophobic surfaces such as Teflon, 12, 13 polystyrene, 14 and methyl-terminated alkanes, 11, 15 which are all in the 1−3 mg/m 2 range. There are no comparable quantitative data for these rigid surfaces at acidic pH. Experiments at polyacrylic brushes 33 and charged lipid layers 8 at pH 2 or lower detected much higher adsorbed masses of between 4 and 20 mg/m 2 .
SAM and Protein Side-Chain Orientation. Sumfrequency spectra of siloxane films grown on Si(100) wafers are shown in Figure 2 . The TMPS film possesses a well-defined sum frequency spectrum, which consists entirely of three CH 3related vibrational modes: the symmetric stretch at 2872 cm −1 , the asymmetric stretch at 2959 cm −1 and the Fermi resonance between the symmetric stretch and the overtone of the CH 3 bend at 2929 cm −1 . These frequencies are close to those found for C 18 siloxanes on fused silica or glass. 34, 35 The approximate center of inversion between the two CH 2 groups in an all-trans propyl chain prevents the generation of a sum frequency signal from these groups. 26, 36, 37 The lack of any CH 2 -related signal in SFS thus shows the formation of a well-ordered film.
The APTMS film produces a similar-looking but much weaker SFS spectrum, which we propose to be due to CH 3 vibrations from unreacted methoxy groups. 22 This assignment is confirmed by XPS, where around 10% of the C 1s signal can be attributed to unreacted methoxy at a binding energy of 286.8 eV. The phase of the sum frequency light emitted by the CH 3 resonances with respect to the silicon nonresonant background is the same for TMPS and APTMS (spectra not shown), which implies that both methyl groups have the same general orientation, 38 that is, pointing up from the silicon surface. This is also supported by XPS N 1s spectra shown in the Supporting Information, which are composed of an NH 3 + peak at 401.9 eV binding energy 39 and a peak at 400.2 eV typically assigned to NH 2 ( Figure S2 ). Given the nonaqueous method of surface preparation, the most likely mechanism for protonation is by hydrogen bonding to surface silanol groups. The 4:3 ratio of NH 3 + to NH 2 shows that about half of the APTMS chains are lying flat on the surface, compatible with unreacted methoxy groups pointing upward. 40 We can deduce the angle of the CH 3 symmetry axis with respect to the surface normal from the intensity ratio between asymmetric and symmetric peaks: 26 To relate this ratio to a methyl tilt angle, we calculate hyperpolarizability values for methyl and methylene groups using the bond additivity model. 42, 43 We account for the reduction of the symmetric sum frequency signal by intensity splitting between the symmetric CH 3 stretch and the Fermi resonance and use the recorded FTIR spectra to deduce the degree of intensity sharing. 26 Details of the calculation can be found in the SI. We obtain R = 0.89 from the experimental TMPS/Si(100) spectrum, which corresponds to a tilt angle of 31°for the methyl group and an angle of ∼6°for the propyl backbone, slightly lower than the backbone tilt angle of around 15°deduced by SFS for a C 18 silane chain on glass. 44 For the hydrophilic APTMS/Si(100), we obtain a very similar tilt angle of 34°for the CH 3 of the methoxy group. Insulin adsorption leads to clear changes in the sum frequency spectra of both layers. On the hydrophobic surface, the asymmetric CH 3 peak grows in relationship to the two symmetric peaks such that the asymmetric to symmetric ratio increases from 0.89 to 1.58. The width of the two symmetric peaks increases significantly, while that of the asymmetric peak remains the same, suggesting that this spectrum could have small contributions from nearby CH 2 groups, although they are not distinct enough to be fit separately. In addition, two clear peaks in the aromatic C−H stretching region appear at 3045 and 3068 cm −1 .
This change in the asymmetric to symmetric intensity ratio could be due to a hydrophobic interaction between insulin and TMPS which increases the tilt angle of the surface methyl groups. It could also stem from a net orientation of insulin side chains on the hydrophobic surface, as observed for amino acids 45 and polypeptides and proteins. 46, 47 If the change was purely due to a hydrophobic effect, then the increase in the asymmetric/symmetric peak ratio to 1.58 would correspond to a 5°increase in the tilt angle of the methyl group. This is comparable to other hydrophobic interactions measured by SFS, for example, the 3.3°increase in the CH 3 tilt angle of octadecanethiol on Au(111) when the solvent was changed from distilled water to a hydrophobic bacterium. 48 However, the appearance of aromatic C−H peaks from phenylalanine and tyrosine side chains clearly shows that insulin adsorbs in an ordered fashion on the hydrophobic surface and that a pure hydrophobic effect is unlikely to be the sole cause of the observed change. If insulin adsorbs with the hydrophobic dimer interface toward the hydrophobic surface (the most likely orientation; see the Discussion section), then its 28 methyl groups are oriented in such a way as to make a net contribution of 10 CH 3 groups to a sum frequency spectrum at a tilt angle of 65°, while its 54 methylene groups make a net contribution of only 7 CH 2 groups at a tilt angle of 32°(Supporting Information). In this orientation, the net intensity of the CH 3 asymmetric stretch would be several times larger than the net CH 2 signal, which can qualitatively explain the observed changes in the aliphatic C−H stretching region. It is difficult to extract further information without isotopic substitution, though, because the total spectrum contains contributions from both insulin and TMPS.
On APTMS, on the other hand, insulin adsorption leads to an almost complete disappearance of the asymmetric CH 3 stretch, so either the residual methoxy groups tilt upward or insulin adsorbs in such a way as to cancel this signal. The overall small signal indicates there is no net orientation of side chains.
Protein Structure. The amide I band provides a sensitive indicator of protein secondary structure, with α-helical structures in D 2 O generating resonances in the range of 1630−1650 cm −1 and β-sheets generating a main peak at around 1615−1638 cm −1 , with a minor peak in the range of 1672−1694 cm −1 . 49 Native insulin in solution is mostly αhelical with a peak at 1649 cm −1 . Upon heating and shaking, a 75 μM solution forms β-sheets with a main peak at 1623 cm −1 and a shoulder at 1697 cm −1 (Supporting Information). The expectation from the literature for the secondary structure of adsorbed insulin is a decrease in α-helical content and an increase in β-sheets or random coil content. This was deduced from UV circular dichroism spectra on Teflon and polystyrene beads at pH 7.4, 10, 13, 14 while an FTIR-ATR study of insulin adsorbed on a phenyldimethyl-functionalized silicon crystal interpreted a peak at 1708 cm −1 as the appearance of intermolecular β-sheets. 15 In Figure 3 , we show the amide I region during insulin adsorption on TMPS-and APTMSmodified silicon at pD 2.7 in buffered D 2 O, after pure buffer spectrum subtraction. Insulin in the bulk solution contributes at most 1.2 mOD to the peak signal (Supporting Information), which thus dominantly shows the adsorbed layer. The narrow peak at 1734 cm −1 is due to the CO stretch in the carboxylate groups of citric acid and indicates an increased concentration of citric acid in the near surface layer when insulin adsorbs. At pD 2.7, some of the carboxyl groups are deprotonated and can bind to several hydrogen bond donors in insulin, specifically amine or hydroxyl groups, as observed in Figure 3 . ATR-FTIR spectra of TMPS-(blue) and APTMS-terminated silicon surfaces (red) during insulin incubation in buffered D 2 O at pD 2.7 are compared to bulk insulin spectra (shaded gray, right axis). Spectra took 30 min to record, and the pure buffer spectra have been subtracted. The lowest spectrum was recorded during the first 30 min of adsorption, the middle one between 1 and 1 h 30 min, and the highest one between 2 and 2 h 30 min.
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Langmuir 2015, 31, 8892−8900 the solution spectra of bovine insulin in acetic acid. 25 The much more intense CO peak on the APTMS-functionalized surface arises from citrate binding to surface amine groups, which are also hydrogen donors. The amide I peak of insulin itself occurs at 1650 cm −1 . As the overlaid solution spectra show, the shape of the amide I peak of adsorbed insulin is extremely similar to that of native insulin in solution and does not change appreciably over the course of 3 h at room temperature. A 1 cm −1 shift toward higher frequencies can be seen for the TMPS spectra, which could indicate a small increase in the random coil content or alternatively a small amount of desolvation, while the width of the amide I peak on APTMS increases by 10%, which could indicate a small amount of disorder. Overall, however, under these conditions, the secondary structure of insulin is hardly affected by adsorption, and both hydrophobic and hydrophilic surfaces are as proteinfriendly as polyelectrolyte brushes. 20 We next investigated the influence of elevated temperature on the coverage and structure of adsorbed insulin by heating the solution and ATR crystal to 65°C. To this end, we prepared insulin layers on ATR crystals ex situ and recorded spectra of dried insulin layers, which shifts the amide I maximum by 7 cm −1 due to removal of the hydration layer. Having established from FTIR spectra of the wet layers shown in Figure 3 that the structure of adsorbed insulin is nearly native, we can use dried layers as a reference for adsorbed insulin with native secondary structure but without its hydration shell. In order to stabilize the physisorbed insulin layer on the hydrophilic surface for ATR analysis, we rinsed directly with water rather than buffer after immersion in insulin solution. The sudden change back to neutral pH means a reduction in the repulsion between HI and APTMS and therefore a higher residual coverage. This is also supported by QCM-D results using water rinsing immediately after the insulin adsorption phase, resulting in significantly thicker residual protein layers (data not shown). The good agreement in the coverages obtained for ex situ and in situ ATR measurements on APTMS seen in Figure 4 shows the success of this strategy. Rinsing the crystal, however, does not always remove all traces of citrate ions, so in our discussion, we ignore the changes in the citrate peak found between 1700 and 1750 cm −1 for dry layers.
The maximum adsorption time was limited to 20 h by gradual D/H exchange with water vapor in the air. Figure 4 shows that extending the adsorption time on the hydrophobic TMPS-terminated surface at room temperature from 1 to 20 h hardly changes the peak shape at all. This hydrophobic surface is therefore insulin-friendly for an extended time under acidic conditions at room temperature. The coverage after 20 h of incubation in room-temperature solution is close to 4 mg/m 2 , i.e., a low multilayer coverage of insulin. The same coverage can be reached after 4 h of incubation at 65°C, but now with a clear β-sheet spectral signature at 1624 cm −1 . As the scaled spectra in Figure 4 show, the overall shape of the amide I band changes only marginally during subsequent growth. It should be noted that while the relative β-sheet content decreases from around 6% for 4 h of incubation to 3% for 20 h of incubation, the absolute amount of the β-sheet still increases, since the coverage increases 10-fold over this time range.
The hydrophilic APTMS-terminated surface stabilizes the adsorbed insulin conformation for at least 8 h at 65°C, and a minor β-sheet-related shoulder at ∼1630 cm −1 appears only after heating for 20 h. This supports the literature finding that insulin bound to APTMS-covered silica beads is still physiologically active. 21 The data presented in this work demonstrate that insulin monomers maintain their native secondary structure when adsorbed on both hydrophobic and hydrophilic surfaces at low pH at room temperature. This is in marked contrast to detailed structural studies at physiological pH, which find evidence of changes in secondary structural content. 10, 15 We propose that the known acid stabilization of human insulin and the protection of the aggregation-prone hydrophobic domains on the insulin monomer by adsorption on the hydrophobic surface work together to inhibit fibril formation at room temperature. Fibrillation is generally described as a nucleation-induced event, where misfolded proteins assemble into a small oligomeric nucleus, which then elongates into a fibril. The accelerating effect of surfaces is accordingly ascribed to a local enhancement of the protein concentration through adsorption and/or to the stabilization of misfolded, adsorbed proteins. For example, recent studies of the surface-induced fibrillation of αsynuclein and amyloid-β showed that nanomolar concentrations are sufficient, whereas fibrillation in the bulk requires micromolar solutions. 50, 51 In the case of amyloid-β, the onsurface diffusion rate was revealed as a critical parameter; no fibrils formed if the peptide was too strongly adsorbed, whereas intermediate binding resulted in sufficient mobility to promote interactions between peptides, which led to fibril formation. 51 A surface-induced change in the conformation of the adsorbed peptide is also a frequently considered factor, in particular on hydrophobic surfaces. Adsorption is driven by the dehydration of hydrophobic side chains, but adsorbed peptides can compensate for the accompanying loss of hydrogen bonds by forming new hydrogen bonds with neighboring peptides which then leads to β-sheet formation within the surface plane. 52 A structural change in adsorbed insulin, for example, was concluded from binding of the bacterial chaperone DnaK to adsorbed insulin. 53 DnaK can bind only to amyloidogenic insulin fragment LVEALYL, which is protected from the solution inside the B-chain helix in native insulin. Preadsorbed β-sheets were indeed shown to act as an efficient nucleus and accelerant for insulin fibrillation. 16 While there is plenty of evidence to show that hydrophobic surfaces accelerate insulin fibrillation, only very few spectroscopic studies have determined the actual structure of adsorbed insulin at the single layer or low multilayer level. Jorgensen et al. studied UV circular dichroism spectra of a variety of insulin variants on Teflon beads at pH 7.4 and generally reported a decrease in α-helical content and an increase in random coils. 10 Nault et al. used ATR-FTIR to observe the amide I band of thin layers of insulin adsorbed at pD 6.9 on a diphenyl-functionalized silicon ATR crystal. 15 They report the appearance of a peak at 1708 cm −1 which was assigned to an intermolecular βsheet, although the normally dominant β-sheet vibration at around 1630 cm −1 was entirely absent.
Our amide I spectra show on the contrary that no structural changes occur in adsorbed insulin in the 1−4 mg/m 2 coverage regime over extended incubation times at room temperature. The main difference with respect to prior studies is incubation in acidic insulin solutions. Acidic solutions generally aid fibril formation in the bulk because the low pH increases the fraction of aggregation-prone insulin monomers in the solution. However, acidic pH also increases the Gibbs free energy of unfolding of biosynthetic human insulin by 30% due to an additional hydrogen bond between His-B5 and one of the main-chain carbonyl oxygens of Cys-A7 or Ser-A9. 54 This helps to maintain the structure by connecting the N-terminal region of the B chain to the A-chain loop between the two helices.
The driving force for insulin monomer adsorption to hydrophobic surfaces is the entropy gain from water repulsion and is similar to the hydrophobic interaction to form the dimer, although the latter is made more specific by hydrogen-bond formation. 11 This hydrophobic interaction causes a segregation of the monomer to the hydrophobic air/water interface regardless of bulk oligomer composition, as demonstrated recently by SFS. 29 The hydrophobic forces are strong enough to overcome the repulsion between the highly charged insulin monomers in a low-ionic-strength solution, as shown for the adsorption of various modified insulin variants on polystyrene and Teflon beads. 10, 14 Nilsson et al. were the first to propose that the residues involved in the dimer interface bind to hydrophobic surfaces. These are mostly found in the extended chain from residues B23 to B28. 18 Mollmann et al. 13 later confirmed this model through a shift in the tryptophan fluorescence wavelength of Trp B30 -modified insulin. Such binding of the dimer interface to the hydrophobic surface could maintain the overall structure of insulin in its native, globular shape. It would also produce a net orientation of side chains, which is compatible with the finding from SFS (vide supra). This net monomer orientation then exposes the more hydrophilic side chains to the solvent, as evidenced by the increased hydrophilicity of the surface after insulin adsorption. Adsorption of the first layer of insulin therefore changes the character of the solvent-accessible surface from hydrophobic to hydrophilic, which effectively slows down further adsorption.
On the hydrophilic surface, insulin forms a mainly physisorbed layer, as the difference between the net QCM-D response and the in situ infrared absorbance shows. This leads to a more random orientation of adsorbed insulin, thus explaining why there is no net contribution from insulin side chains evident in the sum frequency spectra. At higher temperatures, binding between positively charged −NH 3 + and negatively charged side chains becomes possible. In the reaction between −NH 3 + terminated Si(100) and glycine, Kim et al. found that the carboxyl group of glycine can react with the amine group on heating to above 50°C. 55 The C termini of the A and B chains (Asp and Thr, respectively) of insulin could electrostatically attach to or react with the −NH 3 + -terminated surface, with the A chain being the more likely candidate, as most of the positive charges are found within the insulin B chain. It is conceivable that this localized attraction already plays a role at room temperature, which would explain why the APTMS chains reorient, as shown by the change in the SF spectrum of their residual methoxy groups.
Even though the hydrophobic interaction stabilizes the insulin native state for extended times on the hydrophobic surface, heating to 65°C is sufficient to cause restructuring of the adsorbed insulin layer. After 4 h of incubation under heat, the amide I band signals a structural change from native to a distinct β-sheet with a signature band at 1625 cm −1 , at a coverage that corresponds to at most four layers of insulin (3.8 mg/m 2 ), close to the 3.9 mg/m 2 achieved after 20 h of incubation in a room-temperature solution. The change in structure is clearly identifiable but does not represent a fully formed insulin fibril yet, since solution-formed insulin fibrils are characterized by an amide I band with about 70% of the area contained in the β-sheet at 1630 cm −1 (Supporting Langmuir Article DOI: 10.1021/acs.langmuir.5b01477
Langmuir 2015, 31, 8892−8900 Information), while the amide I band after 4 h of incubation contains only approximately 6% β-sheet.
After the layer has thus been restructured, the insulin coverage rapidly increases compared to cold incubation and after 20 h reaches 39 mg/m 2 . This conforms to the previously discussed model of a conformation change at the surface leading to accelerated aggregation. The amide I band shape of the initially restructured layer is preserved to a very large degree as seen in Figure 4 . The intermediate on the path to fibril formation can thus be clearly identified as a partially denatured insulin layer, which provides the template for further growth.
On the hydrophilic surface, a slight broadening occurs after 8 h of incubation under heat, and only after 20 h can we diagnose a very small presence of β-sheet structure at a coverage of 2.6 mg/m 2 . The surface coverage over this time range remains well below the coverage on the hydrophobic surface, leading us to speculate that the critical nucleus size is close to a coverage of 4 mg/m 2 .
While the hydrophobic interaction of insulin with the methyl-terminated hydrophobic surface used here was not sufficient to stabilize the adsorbed protein under heat, it is possible that a better designed surface with additional aromatic or H-bonding species could provide additional interactions with the protein to better mimic the hydrophobic dimer interface and stabilize adsorbed insulin to the same degree as in bulk solution. Therefore, the inhibition of adsorption is not the only option available for preventing fibril formation; the stabilization of an adsorbed native state is also a conceivable prospect.
■ CONCLUSIONS
Our measurements demonstrate that the adsorption of insulin at acidic pH on solid, hydrophobic surfaces can lead to a nearly native secondary structure of the protein, which is stable at room temperature. Hydrophobic surfaces are therefore not detrimental to the native structure of insulin per se, as they can shield the aggregation-prone hydrophobic domains on the insulin monomer from other monomers in solution. Indeed, we discovered that significant thermal activation is needed before restructuring occurs. The observation of insulin secondary structure under heat showed in addition that a restructured adsorbed insulin layer should be considered to be the intermediate species on the way to fibrillation. 
